Rainwater harvesting (RWH) feels right from a long-term sustainability perspective. Short-cutting the hydrological cycle seems to make logical sense from an environmental stance, and the technique is being driven into new buildings in the United Kingdom (UK) through building rating systems which are in turn pushed by government policy. However, little work has been done to assess its environmental credentials from a whole life perspective. Controversially, those studies that have been done have found that RWH systems tend to have greater environmental impacts than mains supply infrastructure. This work seeks to investigate the latest studies, and provide a way forward in the debate.
INTRODUCTION
The underlying motivation for the use of rainwater harvesting (RWH) systems in the United Kingdom (UK) stems from water stress. Although commonly considered a 'rainy' country, its water resources are under stress from a combination of factors (EA 2008) : † Population growth leading to growth in overall water demand † Increasing per person water demand (due in part to decreasing household sizes) † Population distribution and internal migration into areas with pressured water resources and distribution infrastructure † Increasing seasonal weather variability due to climate change straining existing water management facilities (also leading to flooding and surface water management issues)
In response to this, various demand reduction initiatives have been taken, and in particular the building industry has come under pressure to facilitate lower water use in buildings through specification of more efficient fixtures and alternative systems. This is largely being driven by legislation and changes to the Building Regulations (HM Government 2002 . In the UK all new houses must be rated under the Code for Sustainable Homes (CLG 2008) . This is a national standard for the sustainable design and construction of new homes. This has all led to increasing interest in the use of alternative sources of water for lower grade uses such as toilet flushing and irrigation. With its relatively simple system design and ease of understanding, rainwater harvesting (RWH) has proved a popular option. In response, the UK market for RWH has grown rapidly, from around £1 M to £10 M in the past 7 years ( Johnen 2010) . It is also one of the few technologies that can reduce consumption of mains water with a low impact on the lifestyle of the building's occupants.
Alongside this, the UK has an ever pressing carbon agenda. The Government has various targets to reduce carbon emissions (HM Government 2009), and as the deadlines approach there is increasing urgency to seek 'low carbon solutions' in all aspects of current practice. RWH has become intrinsically connected with the idea of a 'low carbon' or 'green' building, and there is work being done on how best policy can support its wider implementation (Partzsch 2009 ).
However, after an initial period of enthusiasm, there is now reflection going on amongst some stakeholders, and the technique is starting to be questioned. Not regarding technical system performance, or captured water quality as it has in the past (Mustow et al. 1997; Fewkes 1999; Leggett et al. 2001) , but to fundamentally question the environmental benefit, given the wide, safe and reliable coverage of the 'mains' water supply infrastructure in the UK. The most notable work is that supported by the Environment Agency (Reffold et al. 2008; Clarke et al. 2009; Parkes et al. 2010) . All of these studies showed rainwater harvesting to have a larger carbon footprint (and by implication, worse environmental impact) than the business-as-usual case of connecting to the mains network. This is somewhat controversial given the current momentum behind the popularity of RWH. There is also a certain shock factor that a technology long associated with environmental benefit, may actually be detrimental in terms of carbon. That it was designed to save water not carbon is often overlooked.
In terms of its water saving effects, Coombes (2002) has shown that widespread adoption of domestic-level rainwater harvesting in the Australia can reduce water demand in a catchment by a significant amount. Some earlystage monte-carlo simulations of medium and high-density housing under South-Coastal rainfall conditions carried out at the University of Portsmouth, indicate similar potential savings may be achievable in the UK context.
BASIS FOR COMPARISONS
In trying to structure these arguments for and against RWH in terms of its environmental impact, there are several approaches that can be taken. Commonly the technique is compared with the business as usual case of the mains water supply infrastructure. This puts RWH immediately at a disadvantage as the comparison is then made of the CAPEX and OPEX of RWH against just the OPEX of the mains. A fairer assessment would be to consider RWH as a technology not to replace a portion of the mains supply, but as an alternative to augmentation, that is, delaying or eliminating the need to enlarge the traditional supply with approaches such as reservoir construction or desalination.
For reference Table 1 outlines the key work used as the basis for this study. This is an emerging field and little has been done in terms of whole-life assessment of RWH systems in the UK context. This means that by necessity assumptions are being 
MODELLING
In order to start filling this gap in analysis, an optimal scenario was modelled to ascertain how a best practice solution might perform. Components other than the tank were optimised to reduce their carbon emissions, based on emerging industry best practice. Then a possible lower range of pumping energy was investigated using information from new pumps on the market and by better matching size Taken to be the mean of the values presented in the EA report. This is acknowledged to be a simplification, however an analysis of 50 PE tanks from three manufacturers has shown that economies of scale are consistently in the order of 0.9, and the limited volume range available means that storage requirements above 5,000 L must be met by multiple tanks. The value used is also contained within a large scatter of data which dwarfs the potential scale economies were varied to simulate the range between current and potential future practice for water supply.
1. Optimising rainwater harvesting for emissions reduction-how good can it be?
Taking as starting point the latest work by the Environment Agency (Parkes et al. 2010) , the systems modelled in the report were optimised to reduce the installed embodied CO 2 as far as possible. The scenario of a domestic system for a 3 bedroom home was used, and both direct feed and header tank options were analysed (Figure 1 ).
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Results reported in the graphs (Figure 2) however, it is likely to need in the order of 2 kWh/m 3 before distribution (Pilkington 2010) .
In this case, due to the very favourable emissions saving through water saving, it is difficult for RWH not to be a more carbon-beneficial option to a desalinated supply. As figure 3 illustrates, a clear optimum tank capacity emerges either on total CO 2 saved or on CO 2 saved per cubic metre delivered, which is not sensitive to assumptions of how energy intensive alternative supplies of water may be.
CONCLUSIONS
Water and energy are intrinsically linked. Energy is effectively used to 'make' water through treatment works, and then transport it to our homes for direct use and heating. Carbon is a key factor in current political and environmental discussions, and it is a convenient indicator in a sound-bite world, but caution must be used that it does not dominate discussions to the detriment of other key issues. Fundamentally there is now a drive to reduce water stress (both scarcity and flood risk) and carbon stress (through emissions reduction). The important question is how and to what extent do RWH systems influence these two aspects? This work has found that by optimising systems appropriately, RWH can be of carbon 'benefit' although with current practice it is not a foregone conclusion, and indeed it is likely to perform badly.
At this point it is interesting to note the real magnitude of these findings. From a broader viewpoint, the absolute impacts aren't very significant. Even an un-optimised system, currently available, has lifetime (30 year) emissions equivalent to a 3.5 hr aeroplane flight (Figure 4) . 
